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Introduction: In the study presented here, a tech-
nique based on the wavelet transform and described in 
the accompanying abstract ([1]) is applied to the near-
infrared spectra of Phobos obtained by ISM in 1989 
from the Phobos-2 spacecraft. Small mineralogical 
variations are observed across the red, optically al-
tered, unit of Phobos. The mineralogical composition 
appears to comprise olivine in the whole observed area, 
while orthopyroxene is detected only in some localised 
regions.  

Method: ISM acquired the only resolved observa-
tions of Phobos available in the near infrared. The 
dataset consists in ~350 spectra with  a spatial resolu-
tion of ~700m. The 2 detectors of ISM acquired data 
respectively between ~0.7 and ~1.5 µm with a resolu-
tion of ~0.03 µm, and between ~1.6 and ~3.1 µm with 
a resolution of ~0.06 µm.  

Comparisons with UV-Visible data demonstrated 
that the areas observed by ISM are consistent with op-
tically altered (space-weathered) terrains ([4]). The 
presence of small mineralogical differences was identi-
fied through the dataset ([4]). Here, olivine is observed 
through the whole observed area, while orthopyroxene 
is found in only some spatially limited regions. We 
applied a technique of band detection based on the 
wavelet transform, and returning the positions, widths, 
and strengths of all the absorption bands of the spectra 
in the region examined ([1]). In this study, we used two 
Paul wavelets with widths of 0.1 and 0.3 µm, for short 
and long wavelengths respectively (fig 1). 

 
Fig 1: wavelets used in this study 

A small difference in viewing directions between 
the two detectors resulted in a shift between the regions 
observed at short and long wavelengths. We thus proc-
essed each part of the spectrum separately. We first 
divided the spectra by a continuum linear in energy, i.e. 
defined by a relationship such as: y=a/λ+b where λ is 
the wavelength ([2]). The parameters a and b were ob-
tained by a linear least square fit of the reflectance, as a 
function of wavenumbers [2]. This step is performed so 
as to correct the spectra from the very red slope ob-
served. The fit are good enough to approximate the 

spectral continuum and characterize the absorption 
bands with the present method. 

An upper estimate of the noise level is derived as 
follows: we obtained a smoothed spectrum using a 
Savitzsky Golay filter, and calculated the standard de-
viation of the difference between the data and the 
smoothed signal for each channel. We thus obtained 
the two curves presented in fig 2, one for each detector. 
In the regions of interest (around 0.85, 1 and 2 µm), the 
values of the noise level are roughly constant (respec-
tively equal to 0.002, 0.001 and 0.005), and therefore 
the expected noise on band depths estimates is equal to 
this value multiplied by the square root of the number 
of channel used.  

 
Fig 2: estimated level of  noise on the spectra. 

Results: 
Fig 3 shows the location on Phobos of the data pre-

sented below. An orthographic projection is used. 

 
Fig 3: Context image of all the images presented below.  

Reflectance at 0.95 µm. 

The wavelet filter detects 2 main bands, at ~1 and 
~2 µm, which were already identified ([3],[4]). Here, 
we find that the 2 µm band is present in only some spa-
tially limited regions. fig. 4 represents its position, ob-
tained as described in [1]. We take into account only 
the bands with a depth greater than 0.02 which repre-
sents 4 times the noise level at this wavelength. 

 
Fig 4: 2 µm band position 
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In the short wavelengths region, the wavelet filters 
split the large absorption in 2 components centered at 
~0.85 µm and ~1.10 µm, called respectively band 1 
and band 2 in the following.  

For band 1, we took into account only pixels of 
depths greater than 0.003, i.e ~1 time the estimated 
upper limit of noise. Band 1 position exhibits spatial 
variations correlated with the 2 µm band presence (fig 
5). This band is detected at longer wavelengths in the 
regions where a 2 µm band is present. This fact is not 
easily observable but can be best seen on the right im-
age of fig 5, on which only the points presenting a 
wavelength greater than 0.89 µm are shown.   

 
Fig 5:Left:  Band 1 position. Right: pixels with band 1 position 

higher than 0.89 µm. 
 

Band 2 presents wavelength centres at ~1.10 µm. 
Its depth is ~0.04, ie 3 times above the upper limit of 
noise level. 

All the identified features are interpretable in terms 
of a mixture of orthopyroxene and olivine. Indeed, the 
position of the 2 µm feature corresponds to an orthopy-
roxene band. Band 1 and band 2 are identified as the 
first 2 components, in order of increasing wavelengths, 
of the three overlapping bands of olivine in the 1 µm 
region. Finally, the shift towards longer wavelengths of 
the ~0.85 µm feature reflects the superposition of the 
0.9 µm band of orthopyroxene. The non detection of 
the third component of the olivine band is attributed to 
higher values of noise above 1.3 µm and to the choice 
of a continuum which is not always appropriate in this 
wavelength region. Moreover, we worked with abso-
lute data, whereas a small uncertainty remains in the 
calibration of Phobos ISM spectra.  

Examples of the 1 µm and 2 µm regions of spectra 
of the pyroxene-rich region and of the pyroxene-poor 
region are presented on fig 6 and 7. These spectra are 
slightly distorted especially because of the continuum 
chosen, which is not always fully appropriate. 

On the spectra of pyroxene-poor areas, a 0.8-1.0 
µm band is clearly visible while it disappears in pyrox-
ene-rich regions, which is ascribed to the addition of 
the 1 µm pyroxene between the two olivine bands (as 
observed on simulated mixtures). The general shape of 
the spectra in the pyroxene-poor areas is consistent 
with olivine.  

Attempts were made to obtain the maximum con-
centration of pyroxene through the method presented in 

[5], but the absorptions are too shallow and too noisy 
to obtain this information. 

 

 
Fig 6:Top: spectra of pyroxene-rich areas at short wavelengths, 
divided by a continuum as described in text (thick line: smoothed 

data thin line: original spectra). Bottom: same at long wavelengths. 

 
Fig 7: Spectra of the pyroxene-poor area at short wavelengths. 

Validation on spectral ratios: A significant prob-
lem with the above interpretation is the detection of 
band 2 at a somewhat too long wavelength, whereas the 
olivine band is centered at ~1.04 µm. We thus checked 
our results on spectral ratios. We chose as references 
spectra presenting no 2 µm band and a 1 µm band as 
shallow as possible. The results obtained by the band 
detection algorithm are qualitatively the same. The 
only significant change is the position of band 2, which 
is now centered around 1.03 µm (fig 8), in agreement 
with the olivine band position. 

 
Fig 8: Center of the 1 µm absorption (band 2) obtained from 

 spectral ratios. 

Conclusion: The automatic wavelet-band detection 
method confirms the widespread occurrence of olivine 
in the area observed by ISM. A novelty is the variabil-
ity of both pyroxene absorptions (0.9 and 1.9 µm) in 
this area. This suggests a variability either in pyroxene 
abundance, or in space weathering/maturation effects. 
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